In order to improve the erosion capacity of a supercritical carbon dioxide (SC-CO 2 ) jet, the influence of a nano-silica additive on the rock erosion characteristics was experimentally investigated. By impinging the SC-CO 2 jets with nano-silica mass fractions of 0 wt % (pure SC-CO 2 jet), 3 wt %, 6 wt %, 9 wt %, 12 wt %, 15 wt %, and 18 wt % on specimens of red sandstone, the erosion volumes under various operating conditions were measured and analyzed. Results show that an appropriate amount of nano-silica additive can greatly enhance the erosion ability of a SC-CO 2 jet. The effect on the erosion ability largely depends on the operating conditions. For instance, when the other conditions are fixed, 6 wt %, 9 wt %, 12 wt %, and 15 wt % were the optimum mass fractions, successively, with the inlet pressure increasing from 30 MPa to 60 MPa. With the increase in ambient pressure, the optimum mass fraction is unchanged under the constant inlet pressure, while it increases under the constant pressure drop. Additionally, the optimum mass fraction decreases when the fluid temperature increases. In addition, the optimal standoff distances are about five times the nozzle diameter of the nano-silica SC-CO 2 jet, and three times for the pure jet. This research provides a new method for effectively enhancing the rock erosion performance of a SC-CO 2 jet.
Introduction
Supercritical carbon dioxide (SC-CO 2 ) is an intermediate state between gas and liquid for carbon dioxide, when the pressure and temperature are both above the critical point (Pc = 7.38 MPa and Tc = 304.13 K) [1, 2] . Due to its unique properties and the relatively easy critical conditions which need to be obtained, SC-CO 2 fluid has been widely studied and used in numerous fields [3] [4] [5] [6] . In recent years, SC-CO 2 fluid, which has many advantages for improving the rates of penetration and single well recovery, has been applied in the field of drilling and completion engineering, especially for the exploitation of unconventional reservoirs [7] [8] [9] [10] . Moreover, it is reported that a SC-CO 2 jet has better rock erosion and fracturing capacity than a water jet does, thus, it has been widely considered as a promising and novel jet technology [11] [12] [13] [14] . Besides, inside a reservoir bed, the dissolution of organic deposition by the seepage of SC-CO 2 can increase the permeability of the reservoirs, and the absorbed natural gas can be displaced through competitive adsorption with SC-CO 2 [15, 16] . These processes help to reduce the blockage of oil and gas flow, and then enhance recovery [17, 18] . In addition, using SC-CO 2 as a drilling fluid will contribute to the reduction of greenhouse gas emissions and the pollution of water resources [19] .
were performed by Massimilinano et al. [28] , to provide a quantitative assessment of the effect of additives on the erosion capacity of a water jet. The results indicated that both the erosion surface quality, and the erosion depth of the specimen, are greatly enhanced by this method. This suggests that a proper additive is able to alter the jet flow field, and subsequently, changes the erosion characteristics of a water jet. Similarly, Hu et al. [29] experimentally investigated the effect of additives on the erosion quality of marble cut by an abrasive water jet, concluding that a certain fraction of additive can improve the erosion quality. Therefore, it is reasonable to speculate that a proper additive should also have great effects on the erosion characteristics of a SC-CO2 jet. Moreover, nano-silica is an appropriate kind of additive for improving the filtration properties of drilling fluid and enhancing the well bore stability, especially under high temperature and pressure conditions [30] [31] [32] [33] . Also, Li et al. experimentally investigated the effect of CO2 fracturing, influenced by a nano-silica additive, and concluded that the effect of nano-silica causes a decrease in CO2 fingering and an increase in the drainage area. Additionally, the argued that the CO2 fracturing effect can be enhanced by the nanoparticles [34] . Figure 1 . Schematic of coiled-tubing drilling technology using a SC-CO2 jet [20] .
Therefore, the present study is an attempt to understand the effects of a nano-silica additive on the rock erosion characteristics of a SC-CO2 jet under widely varying operating conditions, with the purpose of enhancing the erosion capacity of the jet for better utilization. This study also serves as a supplement to previous studies, in order to improve the fundamental understanding of a SC-CO2 jet.
Materials and Methods

Materials
The nano-silica adopted here was hydrophobic, having been modified by siloxane. The parameters of the nano-silica are shown in Table 1 . With respect to the specimen, red sandstone was used. The physical and mechanical properties of the specimen are shown in Table 2 . The purity of CO2 used was 99.8%. Therefore, the present study is an attempt to understand the effects of a nano-silica additive on the rock erosion characteristics of a SC-CO 2 jet under widely varying operating conditions, with the purpose of enhancing the erosion capacity of the jet for better utilization. This study also serves as a supplement to previous studies, in order to improve the fundamental understanding of a SC-CO 2 jet.
Materials and Methods
Materials
The nano-silica adopted here was hydrophobic, having been modified by siloxane. The parameters of the nano-silica are shown in Table 1 . With respect to the specimen, red sandstone was used. The physical and mechanical properties of the specimen are shown in Table 2 . The purity of CO 2 used was 99.8%. 
Facilities
The experiments were conducted on a multifunction SC-CO 2 jet testing system, independently developed by our team, as shown in Figure 2 . The red arrows illustrate the direction of the flow of CO 2 , while the blue arrows show that of hot water. This system consisted of several parts, which are: the CO 2 cartridge; the cooling part, transforming gaseous CO 2 to liquid; the storage tank, storing CO 2 temporarily; the high pressure plunger pump, pressurizing the liquid CO 2 ; the surge tank, reducing the fluid fluctuation; the counterbalance valve, used to build the ambient pressure; and the cyclone de-sander, purifying the working SC-CO 2 . Simultaneously, a water-bath heater was used to heat the surge tank and jet chamber. The continuous regulation of the ranges of the nozzle inlet pressure and fluid temperature, were 2 MPa to 75 MPa and 290 to 373 K, respectively. The ambient pressure in the tests could be set up to 45 MPa. The pure SC-CO 2 jet was provided through the pressurizing and heating processes, and then discharged into a rock erosion chamber and perpendicularly impinged on the specimen surface, as shown in Figure 2 . 
The experiments were conducted on a multifunction SC-CO2 jet testing system, independently developed by our team, as shown in Figure 2 . The red arrows illustrate the direction of the flow of CO2, while the blue arrows show that of hot water. This system consisted of several parts, which are: the CO2 cartridge; the cooling part, transforming gaseous CO2 to liquid; the storage tank, storing CO2 temporarily; the high pressure plunger pump, pressurizing the liquid CO2; the surge tank, reducing the fluid fluctuation; the counterbalance valve, used to build the ambient pressure; and the cyclone de-sander, purifying the working SC-CO2. Simultaneously, a water-bath heater was used to heat the surge tank and jet chamber. The continuous regulation of the ranges of the nozzle inlet pressure and fluid temperature, were 2 MPa to 75 MPa and 290 to 373 K, respectively. The ambient pressure in the tests could be set up to 45 MPa. The pure SC-CO2 jet was provided through the pressurizing and heating processes, and then discharged into a rock erosion chamber and perpendicularly impinged on the specimen surface, as shown in Figure 2 . The nano-silica SC-CO2 jet was achieved in three steps. First, a certain mass fraction of the nano-silica additive was dispersed into liquid CO2 through 25 min of mechanical agitation, and was then sonicated by an ultrasonic probe (Hielscher Up400S, Hielscher Ultrasonics, Teltow, Germany) for another 25 min in the storage tank. Then, after flowing through the pressurizing and heating units, the liquid CO2 changed into a supercritical state. Finally, a high speed nano-silica SC-CO2 jet The nano-silica SC-CO 2 jet was achieved in three steps. First, a certain mass fraction of the nano-silica additive was dispersed into liquid CO 2 through 25 min of mechanical agitation, and was then sonicated by an ultrasonic probe (Hielscher Up400S, Hielscher Ultrasonics, Teltow, Germany) for another 25 min in the storage tank. Then, after flowing through the pressurizing and heating units, the liquid CO 2 changed into a supercritical state. Finally, a high speed nano-silica SC-CO 2 jet was formed after having passed through a convergent nozzle, which was then impinged on the specimen surface.
Pressure measurements were taken at the nozzle inlet and in the chamber at a 1 kHz sampling rate, using BD/SENSORS DMP334 transducers (BD|SENSORS, Therstein, Germany) with an accuracy of 0.175% FS. The temperatures in the chamber and at the nozzle inlet were measured using Omega T thermocouples, whose total accuracy was ±1 K. The real-time data were obtained by a QuantumXMX840 data acquisition and monitoring system. During each test, erosion of the rock by the SC-CO 2 jet did not begin until the pressure and temperature obtained by the transducers was maintained at the wanted values. In this way, the practical application conditions for a SC-CO 2 jet in the bottom hole were simulated.
As a convergent nozzle is a typical rock erosion nozzle of wide application, this kind of nozzle was used to investigate the effects of a nano-silica additive on the rock erosion characteristics of a SC-CO 2 jet. The structure of the convergent nozzle used in the experiments is shown in Figure 3 . The exit diameter was d 0 = 1 mm, the length of the exit was l 1 = 2d 0 , the length of the conical section was l 2 = 11d 0 , and the convergent angle was α = 13.5 • .
Appl. Sci. 2017, 7, 153 5 of 17 was formed after having passed through a convergent nozzle, which was then impinged on the specimen surface. Pressure measurements were taken at the nozzle inlet and in the chamber at a 1 kHz sampling rate, using BD/SENSORS DMP334 transducers (BD|SENSORS, Therstein, Germany) with an accuracy of 0.175% FS. The temperatures in the chamber and at the nozzle inlet were measured using Omega T thermocouples, whose total accuracy was ±1 K. The real-time data were obtained by a QuantumXMX840 data acquisition and monitoring system. During each test, erosion of the rock by the SC-CO2 jet did not begin until the pressure and temperature obtained by the transducers was maintained at the wanted values. In this way, the practical application conditions for a SC-CO2 jet in the bottom hole were simulated.
As a convergent nozzle is a typical rock erosion nozzle of wide application, this kind of nozzle was used to investigate the effects of a nano-silica additive on the rock erosion characteristics of a SC-CO2 jet. The structure of the convergent nozzle used in the experiments is shown in Figure 3 . The exit diameter was d0 = 1 mm, the length of the exit was l1 = 2d0, the length of the conical section was l2 = 11d0, and the convergent angle was α = 13.5°. The rock erosion capacity of the SC-CO2 jet was evaluated by the erosion volume, V. The erosion volume was achieved in three steps, as shown in Figure 4 . First, a certain amount of salt, which had a density of ρs = 2165 kg/m 3 , was measured using an electronic balance with a resolution of 0.001 g, and the mass was m1. Then, the erosion cavity was filled up with the salt, and the remaining salt was weighted on the balance, to record the mass, m2. Finally, the erosion volume was obtained using Equation (1) . Each rock erosion experiment was repeated three times, and then the measured erosion volumes were averaged, in order to reduce the influence of accidental factors, making the results more reliable. 
Experimental Procedures
The rock erosion tests under high ambient pressure were conducted in a high pressure chamber, as is shown in Figure 2 . In each test, after the specimen and nozzle were installed, the standoff distance could be regulated by changing the position of the specimen. Then, the kettle was securely tightened and could maintain a high temperature and pressure environment. Afterwards, the pump and water bath heater were switched on, and when the inlet pressure and fluid Step 1
Step 2
Step 3 The rock erosion capacity of the SC-CO 2 jet was evaluated by the erosion volume, V. The erosion volume was achieved in three steps, as shown in Figure 4 . First, a certain amount of salt, which had a density of ρ s = 2165 kg/m 3 , was measured using an electronic balance with a resolution of 0.001 g, and the mass was m 1 . Then, the erosion cavity was filled up with the salt, and the remaining salt was weighted on the balance, to record the mass, m 2 . Finally, the erosion volume was obtained using Equation (1) . Each rock erosion experiment was repeated three times, and then the measured erosion volumes were averaged, in order to reduce the influence of accidental factors, making the results more reliable.
Step 3 
The rock erosion tests under high ambient pressure were conducted in a high pressure chamber, as is shown in Figure 2 . In each test, after the specimen and nozzle were installed, the standoff distance could be regulated by changing the position of the specimen. Then, the kettle was securely tightened and could maintain a high temperature and pressure environment. Afterwards, the pump and water bath heater were switched on, and when the inlet pressure and fluid temperature had reached the desired value, and could be maintained, the side nozzle was then activated by a pneumatic valve, to establish a submerged environment within the chamber, with the wanted temperature and pressure. Thus, the erosion effect of the non-submerged jet on the specimen could be avoided. Once the submerged environment was established, the rock erosion by the impingement of the SC-CO 2 jet discharging from the central nozzle began, and lasted for 120 s. Finally, the ambient pressure was released and the erosion volume could be obtained.
Experimental Uncertainty
The primary experimental uncertainty included the accuracy of the pressure transducers obtaining the inlet and ambient pressures, the thermocouples achieving the fluid temperture, and the repeatability of the electronic balance measuring the mass of the salt, which were less than 0.175% FS, ±1 K, and ±0.001 g, respectively. The method for calculating the erosion volume also contributed to the experimental uncertainty. In order to reduce this uncertainty, the averaged erosion volumes were used in the following experimental analysis, as mentioned above.
Results
A large number of specimens were tested at various mass fractions of nano-silica, standoff distances, inlet pressures, ambient pressures, and fluid temperatures. The most typical macroscopic appearances of the eroded specimens were presented and described, to give a qualitative analysis, while the erosion volume was plotted to quantitatively analyze the erosion characteristics of the nano-silica SC-CO 2 jets. Figure 5 illustrates the macroscopic appearances of the rock specimens eroded by the nano-silica SC-CO 2 jet with a mass fraction of 12 wt %, and the pure SC-CO 2 jet, respectively, at different standoff distances. The inlet pressure was set at a constant value of 50 MPa, the ambient pressure was set at 15 MPa, and the fluid temperature was set at 340 K. As is shown in the figure, it is obvious that a distinct cavity is formed at the center of each specimen, by the SC-CO 2 jet impingement. This phenomenon indicates that the damage to the rock specimen, caused by the jet impingement, is a "drilling type" damage. This type of damage is characterized by rather deep cavities with small diameters, which can be found in rocks with comparatively high porosity, such as limestone, sandstone, and so on [35, 36] . Moreover, the erosion diameters of the cavities on the surface of the rock specimens eroded by the nano-silica SC-CO 2 jet, are larger than that of the cavities eroded by the pure SC-CO 2 jet. Additionally, the difference in the erosion diameter of the two jets at the same standoff distance, becomes more obvious when the standoff distance is increased. This phenomenon indicates that the erosion capability of the SC-CO 2 jet can be enhanced by the nano-silica additive, which seems to be attributed to the impact on the rock material, generated by the high speed nano-silica particles [37] . Apart from the erosion diameter, the macroscopic appearance of the specimens eroded by the two jets, show almost no difference. In addition, the macroscopic appearance of the eroded rock specimens is in good agreement with the high speed jet erosion results of previous articles [27, 38] , strengthening the reliability of this experiment. 
Macroscopic Appearances of Eroded Specimens
Effect of Nano-Silica Additive under Different Standoff Distances
In this group of experiments, the dimensionless standoff distances, S, was normalized by the nozzle diameter, and increased from one, to 10. The inlet pressure was set at a constant value of 50 MPa, the ambient pressure was set at 15 MPa, and the fluid temperature was set at 340 K. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
As is clearly shown in Figure 6 , the standoff distance significantly affects the rock erosion ability of the SC-CO2 jet, which is demonstrated by evaluating the erosion volume of the cavity for each specimen. Regardless of the mass fraction of the nano-silica additive, each jet has an optimum standoff distance, at which position the erosion volume reaches a maximum value. This signals that the existence of an optimum standoff distance could be a typical feature of the SC-CO2 jets for erosion. This is because, the undeveloped jet and backflow resistance at small standoff distances, lead to a large energy loss and a poor erosion intensity. Moreover, a standoff distance larger than the optimal value, results in the significant entrainment of the jet flow, and large energy dissipation [21] . The curves suggest that the optimal standoff distance is about three times the nozzle diameter of the pure SC-CO2 jet, while it is about five times the nozzle diameter of the nano-silica SC-CO2 jets. It is inferred that the nano-silica SC-CO2 jets need a larger distance to reach their maximum erosion capacity. This is most likely due to the fact that the nano-silica particles in the jet flow require a longer time and distance to speed up to a velocity that causes a strong erosion effect, effectively damaging the rock [39] [40] [41] . In addition, after the standoff distance exceeds the optimum value, the erosion ability of the jets greatly decreases.
Furthermore, it can be observed in Figure 6 that, although the curves of the different mass fractions show a similar trend with an increase in the standoff distance, the jets with different mass fractions of nano-silica additive have different erosion capabilities at the same standoff distance. Specifically, the erosion volumes of the nano-silica SC-CO2 jets with a mass fraction of 3 wt %, 6 wt %, 9 wt %, and 12 wt %, are enhanced at all of the tested standoff distances. For mass fractions less than or equal to 12 wt %, an increase of the nano-silica mass fraction can increase the enhancement of the erosion capability. The maximum erosion volume is 595.13 mm 3 with a mass fraction of 12 wt %, which is 1.8 times that of the pure SC-CO2 jet. For the mass fraction of 15 wt %, a reduction in the enhancement can be seen, when compared with that of 12 wt %. In terms of the mass fraction of 18 wt %, the erosion volumes of the nano-silica SC-CO2 jet are smaller than that of the pure jet, at most standoff distances. This indicates that the excessive addition of the nano-silica additive can attenuate the erosion capability enhancement generated by the nano-silica particles, and has an adverse effect on the erosion ability of the SC-CO2 jet. Photos of rock specimens after erosion: top ones for the nano-silica SC-CO 2 jet with a mass fraction of 12 wt %, bottom ones for the pure SC-CO 2 jet, P in = 50 MPa, P am = 15 MPa, T f = 340 K.
As is clearly shown in Figure 6 , the standoff distance significantly affects the rock erosion ability of the SC-CO 2 jet, which is demonstrated by evaluating the erosion volume of the cavity for each specimen. Regardless of the mass fraction of the nano-silica additive, each jet has an optimum standoff distance, at which position the erosion volume reaches a maximum value. This signals that the existence of an optimum standoff distance could be a typical feature of the SC-CO 2 jets for erosion. This is because, the undeveloped jet and backflow resistance at small standoff distances, lead to a large energy loss and a poor erosion intensity. Moreover, a standoff distance larger than the optimal value, results in the significant entrainment of the jet flow, and large energy dissipation [21] . The curves suggest that the optimal standoff distance is about three times the nozzle diameter of the pure SC-CO 2 jet, while it is about five times the nozzle diameter of the nano-silica SC-CO 2 jets. It is inferred that the nano-silica SC-CO 2 jets need a larger distance to reach their maximum erosion capacity. This is most likely due to the fact that the nano-silica particles in the jet flow require a longer time and distance to speed up to a velocity that causes a strong erosion effect, effectively damaging the rock [39] [40] [41] . In addition, after the standoff distance exceeds the optimum value, the erosion ability of the jets greatly decreases.
Furthermore, it can be observed in Figure 6 that, although the curves of the different mass fractions show a similar trend with an increase in the standoff distance, the jets with different mass fractions of nano-silica additive have different erosion capabilities at the same standoff distance. Specifically, the erosion volumes of the nano-silica SC-CO 2 jets with a mass fraction of 3 wt %, 6 wt %, 9 wt %, and 12 wt %, are enhanced at all of the tested standoff distances. For mass fractions less than or equal to 12 wt %, an increase of the nano-silica mass fraction can increase the enhancement of the erosion capability. The maximum erosion volume is 595.13 mm 3 with a mass fraction of 12 wt %, which is 1.8 times that of the pure SC-CO 2 jet. For the mass fraction of 15 wt %, a reduction in the enhancement can be seen, when compared with that of 12 wt %. In terms of the mass fraction of 18 wt %, the erosion volumes of the nano-silica SC-CO 2 jet are smaller than that of the pure jet, at most standoff distances. This indicates that the excessive addition of the nano-silica additive can attenuate the erosion capability enhancement generated by the nano-silica particles, and has an adverse effect on the erosion ability of the SC-CO 2 jet. Appl. Sci. 2017, 7, 153 8 of 17 Figure 6 . Effect of standoff distance on rock erosion capability of the SC-CO2 jet. Figure 7 shows the rock erosion characteristics of the SC-CO2 jet against nozzle inlet pressures, which was set at between 30 MPa and 60 MPa. The ambient pressure was kept constant at 15 MPa, and the inlet fluid temperature was 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO2 jets, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
Effect of the Nano-Silica Additive under Different Inlet Pressures
As is depicted in the figure, the inlet pressure greatly affects the rock erosion action of the nano-silica SC-CO2 jets, with different mass fractions. The erosion volumes for all of the jets show an increasing trend with the increase of inlet pressure. Moreover, it is clearly observed in the figure that the growth of each curve is different, which is dependent on the mass fraction of the nano-silica additive. In more specific terms, at inlet pressures of 30 MPa and 35 MPa, the erosion ability of the jet with a mass fraction of 6 wt % can achieve the largest enhancement of the erosion ability. Under the inlet pressures of 40, 45, and 50 MPa, the erosion ability of the jet with a mass fraction of 12 wt %, increases rapidly, reaching the optimum value. When the inlet pressure is increased to 60 MPa, the nano-silica jet with a mass fraction of 15 wt % is greatly strengthened, when compared with that at lower inlet pressures, and shows a better erosion capability than the jets with lower mass fractions of nano-silica additive, as well as the pure jet. This indicates that the optimum nano-silica mass fraction increases with the increase of inlet pressure. Figure 6 . Effect of standoff distance on rock erosion capability of the SC-CO 2 jet. Figure 7 shows the rock erosion characteristics of the SC-CO 2 jet against nozzle inlet pressures, which was set at between 30 MPa and 60 MPa. The ambient pressure was kept constant at 15 MPa, and the inlet fluid temperature was 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO 2 jets, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
As is depicted in the figure, the inlet pressure greatly affects the rock erosion action of the nano-silica SC-CO 2 jets, with different mass fractions. The erosion volumes for all of the jets show an increasing trend with the increase of inlet pressure. Moreover, it is clearly observed in the figure that the growth of each curve is different, which is dependent on the mass fraction of the nano-silica additive. In more specific terms, at inlet pressures of 30 MPa and 35 MPa, the erosion ability of the jet with a mass fraction of 6 wt % can achieve the largest enhancement of the erosion ability. Under the inlet pressures of 40, 45, and 50 MPa, the erosion ability of the jet with a mass fraction of 12 wt %, increases rapidly, reaching the optimum value. When the inlet pressure is increased to 60 MPa, the nano-silica jet with a mass fraction of 15 wt % is greatly strengthened, when compared with that at lower inlet pressures, and shows a better erosion capability than the jets with lower mass fractions of nano-silica additive, as well as the pure jet. This indicates that the optimum nano-silica mass fraction increases with the increase of inlet pressure. Figure 7 shows the rock erosion characteristics of the SC-CO2 jet against nozzle inlet pressures, which was set at between 30 MPa and 60 MPa. The ambient pressure was kept constant at 15 MPa, and the inlet fluid temperature was 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO2 jets, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
As is depicted in the figure, the inlet pressure greatly affects the rock erosion action of the nano-silica SC-CO2 jets, with different mass fractions. The erosion volumes for all of the jets show an increasing trend with the increase of inlet pressure. Moreover, it is clearly observed in the figure that the growth of each curve is different, which is dependent on the mass fraction of the nano-silica additive. In more specific terms, at inlet pressures of 30 MPa and 35 MPa, the erosion ability of the jet with a mass fraction of 6 wt % can achieve the largest enhancement of the erosion ability. Under the inlet pressures of 40, 45, and 50 MPa, the erosion ability of the jet with a mass fraction of 12 wt %, increases rapidly, reaching the optimum value. When the inlet pressure is increased to 60 MPa, the nano-silica jet with a mass fraction of 15 wt % is greatly strengthened, when compared with that at lower inlet pressures, and shows a better erosion capability than the jets with lower mass fractions of nano-silica additive, as well as the pure jet. This indicates that the optimum nano-silica mass fraction increases with the increase of inlet pressure. Figure 8 shows the influence of ambient pressure on the rock erosion characteristics of the jets under constant inlet pressure. In this group of experiments, the ambient pressure increased from 5 MPa to 25 MPa. The inlet pressure was set at 50 MPa, and the fluid temperature was set at a constant value of 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO 2 jet, respectively. The mass fractions of nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
Effect of Nano-Silica Additive under Different Ambient Pressures and Constant Inlet Pressure
In the figure, it can be observed that, under a constant inlet pressure, the rock erosion volume for all of the jets decreases with the increase of ambient pressure. It is suggested that the increase in ambient pressure can weaken the erosion capability of all of the jets. This is because, when the inlet pressure is constant, the increase of ambient pressure can cause a dramatic reduction in the impact energy of the jet, due to the decrease of the pressure drop across the nozzles. Moreover, the effect of the ambient pressure under constant inlet pressure on the erosion ability of the nano-silica SC-CO 2 jet, largely depends on the mass fraction of the nano-silica. To be more specific, the erosion volume is most significantly increased by a mass fraction of 12 wt %, at an ambient pressure of 5 MPa. The maximum erosion volume is 997.81 mm 3 , which is about 1.6 times larger than that of the pure jet. Furthermore, with the increase of ambient pressure, the optimum mass fraction is 12 wt %. In addition, the order of the erosion ability of the jets with different mass fractions of the nano-silica additive remains unchanged at each ambient pressure, so the jet with a mass fraction of 12 wt % is always the best, and the 18 wt % mass fraction always performs the worst. Figure 8 shows the influence of ambient pressure on the rock erosion characteristics of the jets under constant inlet pressure. In this group of experiments, the ambient pressure increased from 5 MPa to 25 MPa. The inlet pressure was set at 50 MPa, and the fluid temperature was set at a constant value of 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO2 jet, respectively. The mass fractions of nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
In the figure, it can be observed that, under a constant inlet pressure, the rock erosion volume for all of the jets decreases with the increase of ambient pressure. It is suggested that the increase in ambient pressure can weaken the erosion capability of all of the jets. This is because, when the inlet pressure is constant, the increase of ambient pressure can cause a dramatic reduction in the impact energy of the jet, due to the decrease of the pressure drop across the nozzles. Moreover, the effect of the ambient pressure under constant inlet pressure on the erosion ability of the nano-silica SC-CO2 jet, largely depends on the mass fraction of the nano-silica. To be more specific, the erosion volume is most significantly increased by a mass fraction of 12 wt %, at an ambient pressure of 5 MPa. The maximum erosion volume is 997.81 mm 3 , which is about 1.6 times larger than that of the pure jet. Furthermore, with the increase of ambient pressure, the optimum mass fraction is 12 wt %. In addition, the order of the erosion ability of the jets with different mass fractions of the nano-silica additive remains unchanged at each ambient pressure, so the jet with a mass fraction of 12 wt % is always the best, and the 18 wt % mass fraction always performs the worst. Figure 9 shows the influence of ambient pressure on the rock erosion performance of the jets under a constant nozzle pressure drop, ΔP. In this group of experiments, ΔP was set at 30 MPa, the ambient pressure increased from 5 MPa to 25 MPa, and the fluid temperature was set at 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO2 jet, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively. Figure 9 shows the influence of ambient pressure on the rock erosion performance of the jets under a constant nozzle pressure drop, ∆P. In this group of experiments, ∆P was set at 30 MPa, the ambient pressure increased from 5 MPa to 25 MPa, and the fluid temperature was set at 340 K. The standoff distances were three and five for the pure and nano-silica SC-CO 2 jet, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
Effect of Nano-Silica Additive under Different Ambient Pressures And Constant Pressure Drop
As is illustrated in the figure, it is obvious that the ambient pressure significantly affects the erosion ability, even though the ∆P value is constant. The curves increase at first and then decrease, for both the pure SC-CO 2 jet and nano-silica SC-CO 2 jet with a mass fraction of 3 wt %, which is much like that in the rock erosion experiment using the SC-CO 2 jet, conducted by Wang et al. [22] . Additionally, the curves of the other nano-silica SC-CO 2 jet show some deviations, which seems to be attributed to the erosion effect of the nano-silica particles in the jet flow. Moreover, when the ambient pressure is below the critical pressure of 7.38 MPa, the erosion volumes of all the jets show an increasing trend with the increase of ambient pressure, which is attributed to the increasing diffusivity and reducing viscosity of the CO 2 fluid with increasing ambient pressure [27] . Moreover, the erosion ability of the jet with a comparatively low nano-silica mass fraction of 6 wt %, is the largest at ambient pressures of 5 MPa and 7 MPa. Then, with a further increase of the ambient pressure, the mass fraction of 9 wt % becomes the optimal condition, at an ambient pressure of 10 MPa, and the jet with a mass fraction of 12 wt % shows the best erosion performance, when compared to those with an ambient pressure of 15 MPa, 20 MPa, and 25 MPa. In addition, the further increase of ambient pressure can obviously enhance the erosion capabilities of the jets with mass fractions of 15 wt % and 18 wt %. These phenomena indicate that the optimum mass fraction shows an increasing trend with the increase of ambient pressure, under constant ∆P. As is illustrated in the figure, it is obvious that the ambient pressure significantly affects the erosion ability, even though the ΔP value is constant. The curves increase at first and then decrease, for both the pure SC-CO2 jet and nano-silica SC-CO2 jet with a mass fraction of 3 wt %, which is much like that in the rock erosion experiment using the SC-CO2 jet, conducted by Wang et al. [22] . Additionally, the curves of the other nano-silica SC-CO2 jet show some deviations, which seems to be attributed to the erosion effect of the nano-silica particles in the jet flow. Moreover, when the ambient pressure is below the critical pressure of 7.38 MPa, the erosion volumes of all the jets show an increasing trend with the increase of ambient pressure, which is attributed to the increasing diffusivity and reducing viscosity of the CO2 fluid with increasing ambient pressure [27] . Moreover, the erosion ability of the jet with a comparatively low nano-silica mass fraction of 6 wt %, is the largest at ambient pressures of 5 MPa and 7 MPa. Then, with a further increase of the ambient pressure, the mass fraction of 9 wt % becomes the optimal condition, at an ambient pressure of 10 MPa, and the jet with a mass fraction of 12 wt % shows the best erosion performance, when compared to those with an ambient pressure of 15 MPa, 20 MPa, and 25 MPa. In addition, the further increase of ambient pressure can obviously enhance the erosion capabilities of the jets with mass fractions of 15 wt % and 18 wt %. These phenomena indicate that the optimum mass fraction shows an increasing trend with the increase of ambient pressure, under constant ΔP. Figure 10 shows the effects of fluid temperature on the erosion action of the jets. In this group of experiments, the fluid temperature increased from 300 K to 350 K. The inlet pressure was set at 40 MPa, the ambient pressure was set at 15 MPa, the standoff distances were three and five for the pure and nano-silica CO2 jet, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
Effect of the Nano-Silica Additive under Different Fluid Temperatures
As can be seen in the figure, it is obvious that the effect of the fluid temperature on the erosion ability of the CO2 jets, largely depends on the nano-silica mass fractions. Specifically, when the fluid temperature increases from the subcritical temperature of 300 K, to the supercritical temperature of 310 K, the erosion capability of all the jets shows an increasing trend with the increase of fluid temperature. This is due to the fact that the diffusivity of the SC-CO2 fluid is significantly higher Figure 10 shows the effects of fluid temperature on the erosion action of the jets. In this group of experiments, the fluid temperature increased from 300 K to 350 K. The inlet pressure was set at 40 MPa, the ambient pressure was set at 15 MPa, the standoff distances were three and five for the pure and nano-silica CO 2 jet, respectively. The mass fractions of the nano-silica additive were 0 wt %, 3 wt %, 6 wt %, 12 wt %, and 18 wt %, respectively.
As can be seen in the figure, it is obvious that the effect of the fluid temperature on the erosion ability of the CO 2 jets, largely depends on the nano-silica mass fractions. Specifically, when the fluid temperature increases from the subcritical temperature of 300 K, to the supercritical temperature of 310 K, the erosion capability of all the jets shows an increasing trend with the increase of fluid temperature. This is due to the fact that the diffusivity of the SC-CO 2 fluid is significantly higher than that of the liquid CO 2 , which results in a better erosion effect of the high pressure SC-CO 2 fluid, through the permeation in the micro pores [21] . Moreover, at fluid temperatures of 300 K and 310 K, a nano-silica mass fraction of 15 wt % can achieve the largest erosion enhancement. Also, at a fluid temperature of 320 K, the mass fraction of 12 wt % becomes the optimum condition. When the temperature is increased to 330 K, 340 K, and 350 K, the mass fraction of 6 wt % can achieve the largest erosion ability. In addition, above the critical temperature of 304 K, the increase of fluid temperature can reduce the erosion ability of the jet with nano-silica mass fractions of 15 wt % and 18 wt %. These phenomena indicate that the optimum mass fraction has a decreasing trend with the increase of fluid temperature.
18 wt %. These phenomena indicate that the optimum mass fraction has a decreasing trend with the increase of fluid temperature. 
Discussion
From the experimental results, the nano-silica additive has significant effects on the rock erosion characteristics of the SC-CO2 jet. How the nano-silica additive influences the erosion ability of SC-CO2 jet, is likely to depend on the mass fraction of the nano-silica additive and the operating conditions. This is most likely due to the fact that operating conditions can have large effects on the physical properties of the SC-CO2 fluid [42] , which in turn, directly affects the acceleration of the nano-silica particles, as well as the impact characteristics of the nano-silica SC-CO2 jet. In order to further understand the mechanism of the effects of nano-silica on the erosion characteristics of the SC-CO2 jet, a preliminary was performed, as follows.
According to the theory of the erosion of materials by solid particle impact, it is obvious that, when the other conditions are kept constant, the erosion intensity of nano-silica particles on the rock specimens is largely dependent on the impact velocity, which determines the magnitude of the impact loading and the stress wave energy [37] . Moreover, the impact velocity is affected by the forces which participate in the particle motion in the fluid [43] . These forces include interfacial drag, virtual mass, mechanical diffusion, friction, and gravitational forces. Also, the interfacial drag and the virtual mass force are the most important forces that act on the nano-silica particles. The interfacial drag acts in the same direction as the particles accelerate. Furthermore, the direction of the virtual mass force is opposite to the acceleration direction of the particles. The expressions of the forces are as follows [43] :
According to Newton's second law, the acceleration of the particles can be expressed as:
As expressed in the equations, the density of the SC-CO2 fluid can have large effects on the acceleration process of the nano-silica particles, and then affects the impact velocity and erosion action of the nano-silica SC-CO2 jet. More specifically, when the other conditions are constant, the increase of fluid density can enhance the acceleration effect of particles in the jet flow. 
From the experimental results, the nano-silica additive has significant effects on the rock erosion characteristics of the SC-CO 2 jet. How the nano-silica additive influences the erosion ability of SC-CO 2 jet, is likely to depend on the mass fraction of the nano-silica additive and the operating conditions. This is most likely due to the fact that operating conditions can have large effects on the physical properties of the SC-CO 2 fluid [42] , which in turn, directly affects the acceleration of the nano-silica particles, as well as the impact characteristics of the nano-silica SC-CO 2 jet. In order to further understand the mechanism of the effects of nano-silica on the erosion characteristics of the SC-CO 2 jet, a preliminary was performed, as follows.
As expressed in the equations, the density of the SC-CO 2 fluid can have large effects on the acceleration process of the nano-silica particles, and then affects the impact velocity and erosion action of the nano-silica SC-CO 2 jet. More specifically, when the other conditions are constant, the increase of fluid density can enhance the acceleration effect of particles in the jet flow.
So, for the experiments on the effect of the inlet pressure on the erosion ability of the nano-silica SC-CO 2 jet, the density of the SC-CO 2 fluid, calculated by the property routine REFPROP 9.1 [44] at the nozzle inlet, increases with the increase of inlet pressure, as shown in Figure 11 . The properties of the SC-CO 2 were calculated using the default equations in REFPROP. The increase of density will enhance the acceleration effect of the nano-silica particles in the SC-CO 2 fluid, as well as the impingement of the particles on the rock specimens. This can also be verified by the trend of the curves in Figure 7 . With the increase of the inlet pressure, the mass fraction of 6 wt % initially has the largest erosion capability. Then, the mass fractions of 9 wt % and 12 wt % take the dominant place, at an inlet pressure between 40 MPa and 55 MPa. Finally, the mass fraction of 15 wt % shows the best erosion performance, at a pressure of 60 MPa. Similarly, for the experiments on the effect of the standoff distance ( Figure 6 ) and the ambient pressure at constant inlet pressure (Figure 8 ), the density of SC-CO 2 fluid at the nozzle inlet is constant. This can be used to explain the phenomenon where the optimum mass fraction of 12 wt % and the mass fraction of 18 wt %, show the weakest erosion capability all of the time, as shown in Figures 6 and 8 . So, for the experiments on the effect of the inlet pressure on the erosion ability of the nano-silica SC-CO2 jet, the density of the SC-CO2 fluid, calculated by the property routine REFPROP 9.1 [44] at the nozzle inlet, increases with the increase of inlet pressure, as shown in Figure 11 . The properties of the SC-CO2 were calculated using the default equations in REFPROP. The increase of density will enhance the acceleration effect of the nano-silica particles in the SC-CO2 fluid, as well as the impingement of the particles on the rock specimens. This can also be verified by the trend of the curves in Figure 7 . With the increase of the inlet pressure, the mass fraction of 6 wt % initially has the largest erosion capability. Then, the mass fractions of 9 wt % and 12 wt % take the dominant place, at an inlet pressure between 40 MPa and 55 MPa. Finally, the mass fraction of 15 wt % shows the best erosion performance, at a pressure of 60 MPa. Similarly, for the experiments on the effect of the standoff distance ( Figure 6 ) and the ambient pressure at constant inlet pressure (Figure 8) , the density of SC-CO2 fluid at the nozzle inlet is constant. This can be used to explain the phenomenon where the optimum mass fraction of 12 wt % and the mass fraction of 18 wt %, show the weakest erosion capability all of the time, as shown in Figures 6 and 8 . Moreover, for the experiments on the influence of the ambient pressure under constant ΔP, the density of the SC-CO2 fluid at the nozzle inlet increases with increasing ambient pressure, as shown in Figure 12 . This results in the increase of the optimum nano-silica mass fraction with increasing ambient pressure, and the obvious enhancement of the erosion ability of the jet with the mass fraction of 18 wt %, at comparatively high ambient pressures of 20 MPa and 25 MPa, as shown in Figure 9 . Moreover, for the experiments on the influence of the ambient pressure under constant ∆P, the density of the SC-CO 2 fluid at the nozzle inlet increases with increasing ambient pressure, as shown in Figure 12 . This results in the increase of the optimum nano-silica mass fraction with increasing ambient pressure, and the obvious enhancement of the erosion ability of the jet with the mass fraction of 18 wt %, at comparatively high ambient pressures of 20 MPa and 25 MPa, as shown in Figure 9 .
So, for the experiments on the effect of the inlet pressure on the erosion ability of the nano-silica SC-CO2 jet, the density of the SC-CO2 fluid, calculated by the property routine REFPROP 9.1 [44] at the nozzle inlet, increases with the increase of inlet pressure, as shown in Figure 11 . The properties of the SC-CO2 were calculated using the default equations in REFPROP. The increase of density will enhance the acceleration effect of the nano-silica particles in the SC-CO2 fluid, as well as the impingement of the particles on the rock specimens. This can also be verified by the trend of the curves in Figure 7 . With the increase of the inlet pressure, the mass fraction of 6 wt % initially has the largest erosion capability. Then, the mass fractions of 9 wt % and 12 wt % take the dominant place, at an inlet pressure between 40 MPa and 55 MPa. Finally, the mass fraction of 15 wt % shows the best erosion performance, at a pressure of 60 MPa. Similarly, for the experiments on the effect of the standoff distance ( Figure 6 ) and the ambient pressure at constant inlet pressure (Figure 8) , the density of SC-CO2 fluid at the nozzle inlet is constant. This can be used to explain the phenomenon where the optimum mass fraction of 12 wt % and the mass fraction of 18 wt %, show the weakest erosion capability all of the time, as shown in Figures 6 and 8 . Moreover, for the experiments on the influence of the ambient pressure under constant ΔP, the density of the SC-CO2 fluid at the nozzle inlet increases with increasing ambient pressure, as shown in Figure 12 . This results in the increase of the optimum nano-silica mass fraction with increasing ambient pressure, and the obvious enhancement of the erosion ability of the jet with the mass fraction of 18 wt %, at comparatively high ambient pressures of 20 MPa and 25 MPa, as shown in Figure 9 . In addition, for the experiments on the effect of fluid temperature, the density of CO 2 fluid decreases with the increase of fluid temperature, as shown in Figure 13 . As a result, the optimum nano-silica mass fraction has a decreasing trend with the increase of fluid temperature. In addition, for the experiments on the effect of fluid temperature, the density of CO2 fluid decreases with the increase of fluid temperature, as shown in Figure 13 . As a result, the optimum nano-silica mass fraction has a decreasing trend with the increase of fluid temperature. Another interesting phenomenon that can be observed in Figures 6-10 , is that the nano-silica additive can cause a reduction in the erosion capability of the SC-CO2 jet, under certain conditions. For instance, the erosion ability of the jet with a nano-silica mass fraction of 18 wt % is worse than that of the pure SC-CO2 jet at inlet pressures below 50 Mpa, as shown in Figure 7 . This is likely to be due to the existence of competition between the erosion enhancement and the additional energy dissipation. To be more specific, the viscosity of the fluid can be increased by the nano-silica additive [45] . So, excessive mass fractions of the nano-silica additive will raise the viscous dissipation of the energy of the high speed turbulent SC-CO2 jet flow, thus resulting in the reduction of the erosion capability. On the other hand, impingement of the nano-silica particles, accelerated by the high speed SC-CO2 jet fluid, can enhance the rock erosion ability, and the better the acceleration effect is, the greater the enhancement is. Therefore, if the enhancement of the erosion caused by the impingement of nano-silica particles, is stronger than that of the energy dissipation, the erosion capability of the SC-CO2 jet will be improved by the nano-silica additive; if not, energy dissipation will be the dominated effect, resulting in a reduction of the erosion ability. This hypothesis can be used to explain the experimental phenomena where the acceleration effect is poor with a low density of SC-CO2 fluid, and the high mass fraction of the nano-silica additive tends to cause a negative effect on the erosion ability.
Finally, it is well known that the nozzle design, including structural parameters and nozzle types, can strongly affect the characteristics of the SC-CO2 jet, such as the focussing of the jet, Mach shock, jet collimation etc. Furthermore, it greatly affects the rock erosion behaviors of the SC-CO2 jet. Therefore, the impact of the nozzle design on the rock erosion characteristics of the SC-CO2 jet will be emphatically studied in the near future.
Conclusions
In pursuit of improving the rock erosion ability of the SC-CO2 jet, for better practical utilizations, experiments were conducted to investigate the effect of a nano-silica additive on the rock erosion characteristics, with a rock erosion test system of the SC-CO2 jet. The erosion capability was evaluated by the erosion volume on rock specimens. Some essential conclusions can be drawn as follows: Another interesting phenomenon that can be observed in Figures 6-10 , is that the nano-silica additive can cause a reduction in the erosion capability of the SC-CO 2 jet, under certain conditions. For instance, the erosion ability of the jet with a nano-silica mass fraction of 18 wt % is worse than that of the pure SC-CO 2 jet at inlet pressures below 50 Mpa, as shown in Figure 7 . This is likely to be due to the existence of competition between the erosion enhancement and the additional energy dissipation. To be more specific, the viscosity of the fluid can be increased by the nano-silica additive [45] . So, excessive mass fractions of the nano-silica additive will raise the viscous dissipation of the energy of the high speed turbulent SC-CO 2 jet flow, thus resulting in the reduction of the erosion capability. On the other hand, impingement of the nano-silica particles, accelerated by the high speed SC-CO 2 jet fluid, can enhance the rock erosion ability, and the better the acceleration effect is, the greater the enhancement is. Therefore, if the enhancement of the erosion caused by the impingement of nano-silica particles, is stronger than that of the energy dissipation, the erosion capability of the SC-CO 2 jet will be improved by the nano-silica additive; if not, energy dissipation will be the dominated effect, resulting in a reduction of the erosion ability. This hypothesis can be used to explain the experimental phenomena where the acceleration effect is poor with a low density of SC-CO 2 fluid, and the high mass fraction of the nano-silica additive tends to cause a negative effect on the erosion ability.
Finally, it is well known that the nozzle design, including structural parameters and nozzle types, can strongly affect the characteristics of the SC-CO 2 jet, such as the focussing of the jet, Mach shock, jet collimation etc. Furthermore, it greatly affects the rock erosion behaviors of the SC-CO 2 jet. Therefore, the impact of the nozzle design on the rock erosion characteristics of the SC-CO 2 jet will be emphatically studied in the near future.
In pursuit of improving the rock erosion ability of the SC-CO 2 jet, for better practical utilizations, experiments were conducted to investigate the effect of a nano-silica additive on the rock erosion characteristics, with a rock erosion test system of the SC-CO 2 jet. The erosion capability was evaluated by the erosion volume on rock specimens. Some essential conclusions can be drawn as follows:
1.
The erosion of the rock specimen caused by the impingement of the SC-CO 2 jet, is the typical "drilling type" damage characterized by rather deep cavities with small diameters.
2.
The optimal standoff distances are about five times the nozzle diameter of the nano-silica SC-CO 2 jets, and three times those of the pure SC-CO 2 jet. After the standoff distance exceeds the optimum value, the erosion ability of all the jets greatly decreases.
3.
The erosion abilities of all the jets show an increasing trend with the increase of inlet pressure. At the inlet pressures of 30 MPa and 35 MPa, a mass fraction of 6 wt % can achieve a better erosion ability than the others, while at an inlet pressure of 40 MPa, 9 wt % is the optimum mass fraction. Also, at inlet pressures of 45 MPa and 50 MPa, a mass fraction of 12 wt % is the optimum condition. In addition, when the inlet pressure is increased to 60 MPa, the jet with a mass fraction of 15 wt % has the best erosion ability.
4.
Under a constant inlet pressure, the rock erosion ability of all the jets decreases with the increasing ambient pressure. Also, the optimum mass fraction is 12 wt %.
5.
Under the constant ∆P, the SC-CO 2 jet with a nano-silica mass fraction of 6 wt % has the best erosion ability at ambient pressures of 5 MPa and 7 MPa. Then, with the increase of ambient pressure, mass fractions of 9 wt % and 12 wt %, take turns to achieve the best erosion ability. Moreover, a further increase of ambient pressure can enhance the erosion capability of the jets with mass fractions of 15 wt % and 18 wt %. 6.
At fluid temperatures of 300 K and 310 K, a mass fraction of 15 wt % can achieve the strongest erosion ability. Additionally, at a fluid temperature of 320 K, a mass fraction of 12 wt % becomes the optimum condition. In addition, at fluid temperatures above 330 K, the mass fraction of 6 wt % is the most appropriate choice. 
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